Introduction
============

Inflammatory bowel disease (IBD) is a chronic inflammatory disease of the gastrointestinal tract characterized by periods of remission and relapse. The most common forms of IBD are Crohn\'s disease and ulcerative colitis, which may affect the oral cavity, esophagus, stomach, intestine, and anus.^\[[@R1]\]^ IBD has diverse causes, including immune-related, environmental, and genetic factors, and various symptoms, including diarrhea, abdominal pain, intestinal bleeding, and weight loss.^\[[@R2],[@R3]\]^ Thus, it has been difficult to establish the precise etiology of the disease and, consequently, its treatment. Administration of dextran sodium sulfate (DSS) is commonly used to model colitis in animals, because it evokes similar histopathological, clinical, and immunological responses to those seen in patients with IBD.^\[[@R4]--[@R6]\]^

Sphingosine-1-phosphate (S1P) is a pleiotropic bioactive sphingolipid metabolite involved in the regulation of several cellular processes and participates in mediating signal transduction inside and outside of the cell.^\[[@R7],[@R8]\]^ S1P, which is mainly produced via phosphorylation of sphingosine by the sphingosine kinases SPHK1 and SPHK2, activates intracellular signal transduction by binding to one of five cell surface sphingosine-1-phosphate receptors (S1PR1--5). Several studies have identified a close relationship between S1P and the development of IBD. For example, expression of SPHK1, SPHK2, S1PR1, S1PR2, and S1PR4 are significantly up-regulated in children with IBD,^\[[@R8],[@R9]\]^ and inhibition of SPHK1 reduces the expression of inflammatory markers and the infiltration of neutrophils in colonic tissue of mice with IBD.^\[[@R9],[@R10]\]^ Signal transducer and activator of transcription 3 (STAT3) is also over-expressed in the intestinal mucosa of patients with active and inactive IBD.^\[[@R11]\]^ STAT3 mRNA and protein levels are abnormally high in patients with colorectal cancer, and STAT3 is thought to contribute to this cancer via an interleukin (IL)-22-STAT3 signaling pathway.^\[[@R12],[@R13]\]^ Inhibition of STAT3 and its associated pathways prevents the occurrence and progression of cancer and inflammatory diseases. The anti-tumor effects of dietary cocoa are mediated via inhibition of IL-6-STAT3 signaling.^\[[@R14]\]^ Metformin reduces inflammation and the severity of IBD by inhibiting expression of phosphorylated STAT3 (p-STAT3) and IL-17.^\[[@R15]\]^ IL-6 is generally considered to be a crucial factor in the activation of STAT3 signaling.^\[[@R16]\]^ It has been shown that S1P can maintain STAT3 in an activated state, which contributes to the development of colitis-associated colon cancer.^\[[@R17]\]^

Baicalein (5,6,7-trihydroxypyrimone) is a major bioactive flavonoid isolated from the root of the plant *Astragalus membranaceus*. Among other effects, baicalein has been shown to have anti-inflammatory, anti-bacterial, anti-hypertensive, and anti-tumor activity, and it has also proven beneficial in the treatment of colitis.^\[[@R5],[@R18],[@R19]\]^ Indeed, oral administration of baicalein to mice significantly ameliorates all inflammatory symptoms of colitis, including weight loss, hematochezia, rectal bleeding, and other tissue indicators.^\[[@R19]\]^ In the rat DSS-induced colitis model, baicalein promotes the proliferation of colonic epithelial cells, down-regulates expression of STAT3 and STAT4 mRNA in the JAK-STAT signaling pathway in T cells, and regulates T-cell proliferation.^\[[@R20]\]^ However, the mechanism of action of baicalein is complex, and many aspects of its ability to ameliorate colitis remain unclear. Therefore, in this study, we evaluated whether baicalein exerts its anti-colitic activity through effects on the S1P-STAT3 signaling pathway.

Methods
=======

Reagents
--------

The DSS (molecular weight 36,000--50,000 Da) was purchased from MP Biomedicals (Irvine, CA, USA). Mouse IL-6, IL-1β, and tumor necrosis factor (TNF)-α enzyme-linked immunosorbent assay (ELISA) kits were purchased from Feiya Biotech (Jiangsu, China). Primary antibodies against SPHK1, p-STAT3 (phospho-S727), S1PR1/EDG1, and retinoic-acid-receptor-related orphan nuclear receptor gamma (RORγt) were purchased from Abcam (Cambridge, MA, USA), anti-β-actin and anti-STAT3 were purchased from Cell Signaling Technology (Danvers, MA, USA), anti-lamin A was purchased from Bioworld Technology (St. Louis Park, MN, USA), and rabbit anti-mouse CD11b-fluorescein isothiocyanate (FITC) was purchased from eBioscience (San Diego, CA, USA).

Establishment of DSS-induced colitis in mice and experimental design
--------------------------------------------------------------------

Female BALB/c mice (35--40 days of age, weighing 18--22 g) were obtained from Jinan Pengyue Experimental Animal Breeding Co. Ltd. (Jinan, China). Animals had access to food and water ad libitum and were maintained on a 12 h/12 h light/dark cycle at 21 ± 2°C with a relative humidity of 45 ± 10%. Animal care and surgery protocols were approved by Experimental Animal Ethics Committee of Jining Medical University. Acute colitis was induced in five groups of six mice by addition of 5% (w/v) DSS in the drinking water for 7 days, after which normal drinking water was provided for 3 days. The six groups were randomly assigned to receive water (*n* = 6), DSS (*n* = 7), baicalein (10, 20, and 40 mg/kg) (*n* = 6), or 5-aminosalicylic acid (5ASA, 50 mg/kg) (*n* = 6). Baicalein and 5ASA were administered intragastrically once daily from day 1 to 10. All mice were sacrificed on day 11.

Disease activity index
----------------------

The disease activity index (DAI) scale ranged from 0 (healthy) to 12 (severe colitis) and was calculated from the combined scores of 0 to 4 for body weight loss, stool consistency, and rectal bleeding, as shown in Table [1](#T1){ref-type="table"}.
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The calculation method of disease activity index of all groups.
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Collection of tissues and preparation of serum samples
------------------------------------------------------

Animals were sacrificed on day 11, and organs and blood were collected. The colon was opened longitudinally and washed with phosphate-buffered saline. Colon tissues from three mice were fixed in formalin for hematoxylin and eosin (H&E) and immunohistochemical (IHC) staining. The remaining colon tissues were stored in liquid nitrogen for western blot analysis. Blood was collected retroorbitally into a 1.5-mL tube and centrifuged at 3000 rpm for 5 min. Serum was removed and stored at 4°C until analysis.

Macroscopic assessment and histological analysis of colonic lesions
-------------------------------------------------------------------

Paraffin-embedded colonic tissue blocks were cut into 4-μm-thick sections using a microtome and then stained with H&E using a standard protocol.

Immunohistochemistry
--------------------

Expression of IL-6, IL-1β, TNF-α, RORγt, SPHK1, and p-STAT3 in colonic tissue sections was assessed by IHC as previously described.^\[[@R21]\]^

Immunofluorescence confocal microscopy
--------------------------------------

Colonic tissue sections were stained with FITC-conjugated anti-CD11b antibody at a dilution of 1:100 and then incubated with 4′6-diamidino-2-phenylindole to visualize nuclei. The sections were analyzed and images were captured using an Olympus FV1000 confocal microscope (Takachiho, Japan).

Cytokine quantification by enzyme-linked immunosorbent assay
------------------------------------------------------------

IL-6, IL-1β, and TNF-α in sera were quantified using an ELISA kit according to the manufacturer\'s recommendations, as previously described.^\[[@R22]\]^ The experiments were repeated three times.

Western blotting analysis
-------------------------

Tissues were lysed and analyzed by Western blotting as previously described.^\[[@R21]\]^ Blots were probed with rabbit anti-SPHK1 (1:1000), rabbit anti-S1P1/EDG1 (1:1000), mouse anti-STAT3 (1:1000), and rabbit anti-p-STAT3 (phospho-S727) (1:2000) primary antibodies. β-Actin (antibody dilution 1:2000) was probed as an internal loading control.

Statistical analysis
--------------------

Statistical analysis was performed using Prism 5 software (GraphPad Software, La Jolla, CA, USA). Values are presented as the mean ± standard deviation (SD) of three independent experiments for each individual treatment or dose. Group means were compared using Student\'s *t*-test (for normal distribution). A value of *P* \< 0.05 was considered statistically significant.

Results
=======

Baicalein attenuates DSS-induced colon injury and inflammatory symptoms in mice
-------------------------------------------------------------------------------

To investigate the effects of baicalein on colitis in a mouse model, we provided DSS to the drinking water of groups of BALB/c mice for 7 days and treated them with water, baicalein (10--40 mg/kg), or 5ASA (50 mg/kg) for 10 days starting on day 1. A model control group received water without DSS. As shown in Figure [1](#F1){ref-type="fig"}A, mice in the DSS group showed significant weight loss compared with the control mice, but the baicalein group showed a dose-dependent and significant reduction in body weight loss compared with the DSS group. The mean colon length of DSS-treated mice was significantly shorter than that of the control mice (*P* \< 0.01, *t* = 8.35), and baicalein treatment (10, 20, and 40 mg/kg) also reversed the colon shortening (*P* \< 0.05, *t* = 2.51; *P* \< 0.05, *t* = 2.62, and *P* \< 0.01, *t* = 3.27, respectively) \[Figure [1](#F1){ref-type="fig"}B and 1C\]. In addition, baicalein at 20 and 40 mg/kg reduced the splenomegaly caused by DSS treatment (*P* \< 0.01, *t* = 3.40 and *P* \< 0.01, *t* = 4.10, respectively) \[Figure [1](#F1){ref-type="fig"}D\]. Pathological examination of colon sections indicated that DSS treatment induced severe mucosal necrosis accompanied by extensive inflammatory cell infiltration, congestion, and edema of the submucosa. This colonic damage was significantly reduced by baicalein treatment in a dose-dependent manner, with a concomitant reduction in inflammatory cell infiltration \[Figure [1](#F1){ref-type="fig"}E\]. The overall disease activity of DSS-treated mice, as measured by the DAI, was also reduced by baicalein treatment, consistent with the amelioration of colonic damage \[Figure [1](#F1){ref-type="fig"}F\].

Figure 1Baicalein attenuates dextran sodium sulfate (DSS)-induced colon injury and inflammation. (A) Body weights of the control, DSS, DSS + baicalein, and DSS + 5-aminosalicylic acid (5ASA) groups of mice. Macroscopic appearance (B) and length (C) of colons from each mouse group. (D) Changes in spleen weights during disease progression. (E) Hematoxylin and eosin staining of serial sections of the colon. Black arrows and red arrows indicate infiltration of inflammatory cells in the mucosa or submucosa. (F) Disease activity index. All results are presented as the mean ± standard deviation. ^∗^*P* \< 0.05, ^†^*P* \< 0.01 compared with the control group; ^‡^*P* \< 0.05, ^§^*P* \< 0.01 compared with the DSS group.

Baicalein reduces the production of inflammatory mediators in the serum and colon of mice with DSS-induced colitis
------------------------------------------------------------------------------------------------------------------

Compared with the water-treated mice, baicalein at 10, 20, and 40 mg/kg significantly reduced the DSS-induced increase in serum IL-6 and IL-1β levels (IL-6: *P* \< 0.01, *t* = 17.90; *P* \< 0.01, *t* = 5.78; and *P* \< 0.01, *t* = 5.98, respectively; IL-1β: *P* \< 0.01, *t* = 6.05; *P* \< 0.01, *t* = 16.86; and *P* \< 0.01, *t* = 17.13, respectively) \[Figure [2](#F2){ref-type="fig"}A\]. In addition, baicalein reduced the number of IL-6-positive, IL-1β-positive, and TNF-α-positive cells in the colonic mucosa of DSS-treated mice \[Figure [2](#F2){ref-type="fig"}B\].

Figure 2Baicalein reduces levels of inflammatory mediators in the serum and colon of mice with dextran sodium sulfate (DSS)-induced colitis. Enzyme-linked immunosorbent assay analysis of serum interleukin (IL)-6 (A) and IL-1β (B) concentrations. Results are presented as the mean ± standard deviation of triplicates. ^†^*P* \< 0.01 compared with the control group; ^‡^*P* \< 0.05, ^§^*P* \< 0.01 compared with the DSS group. (C) Immunohistochemical staining of IL-1β, IL-6, and tumor necrosis factor (TNF)-α in colon sections (original magnification, ×40).

Baicalein reduces the DSS-induced infiltration of inflammatory cells into the colon
-----------------------------------------------------------------------------------

To further evaluate the protective effect of baicalein on DSS-induced colitis, we measured inflammatory cell infiltration by IHC staining of colon sections for CD11b^+^, which is expressed on many leukocytes, including monocytes, neutrophils, natural killer cells, granulocytes, and macrophages. As shown in Figure [3](#F3){ref-type="fig"}, a large number of CD11b^+^ cells were observed in the lesional mucosa of colons from DSS/water-treated mice, but the cell abundance was dramatically reduced by baicalein treatment. Moreover, baicalein also attenuated the expression of the transcription factor RORγt, which is pivotal in the development of proinflammatory Th17 cells \[Figure [4](#F4){ref-type="fig"}\].

Figure 3Baicalein reduces inflammatory cell infiltration in the colons of mice with dextran sodium sulfate (DSS)-induced colitis. (A) Immunofluorescence microscopy of CD11b^+^ cells in colon sections. (B) Results are presented as the mean ± standard deviation. ^†^*P* \< 0.01 compared with the control group; ^§^*P* \< 0.01 compared with the DSS group.

Figure 4Baicalein reduces the expression of retinoic-acid-receptor-related orphan nuclear receptor gamma (RORγt) in colonic tissue from mice with DSS-induced colitis. Immunohistochemical staining of RORγt in colon sections.

Baicalein inhibits the expression of nucleotide-binding oligomerization domain 2 protein in colonic tissues from DSS-treated mice
---------------------------------------------------------------------------------------------------------------------------------

Nucleotide-binding oligomerization domain 2 (NOD2) is an intracellular pattern recognition receptor expressed in both hematopoietic and non-hematopoietic cells in the intestinal epithelium and plays a key role in stimulating the host immune response.^\[[@R23],[@R24]\]^ Western blot analysis of colon extracts showed that NOD2 expression was increased by DSS treatment, while baicalein significantly inhibited its expression compared with the DSS/water group \[Figure [5](#F5){ref-type="fig"}A and 5B\].

Figure 5Baicalein reduces the expression of nucleotide-binding oligomerization domain 2 (NOD2) in colonic tissue from mice with dextran sodium sulfate (DSS)-induced colitis. (A, B) Western blotting analysis of NOD2 expression in extracts of colon tissues. ^†^*P* \< 0.01 compared with the control group; ^‡^*P* \< 0.05 compared with the DSS group.

Baicalein ameliorates colitis by inhibiting the S1P--STAT3 signaling pathway
----------------------------------------------------------------------------

As noted, enzymes that control S1P levels (including SHPK1 and SPHK2) are consistently dysregulated in animal models of IBD and in human colonic tissues.^\[[@R25]\]^ IHC analysis of colon sections from DSS-treated mice revealed large numbers of SPHK1- and p-STAT3-positive cells, but their abundance was significantly reduced by baicalein treatment at 40 mg/kg \[Figure [6](#F6){ref-type="fig"}A\]. In addition, western blot analysis confirmed that baicalein at 40 mg/kg significantly inhibited DSS-induced phosphorylation of STAT3 and reversed the over-expression of SPHK1 and S1PR1 \[Figure [6](#F6){ref-type="fig"}B and 6C\]. However, the expression of total STAT3 was not changed by baicalein treatment \[Figure [6](#F6){ref-type="fig"}B\]. These results indicate that baicalein exerts its anti-colitic effects through the inhibition of SPHK1 expression and STAT3 activation.

Figure 6The anti-colitic effects of baicalein are mediated by inhibition of dextran sodium sulfate (DSS)-induced sphingosine-1-phosphate (S1P)--signal transducer and activator of transcription 3 (STAT3) signaling. (A) Immunohistochemical staining of sphingosine kinase 1 (SPHK1) and phosphorylated signal transducer and activator of transcription 3 (p-STAT3) in colonic tissues (original magnification, ×40). (B, C) Western blotting analysis of SPHK1, sphingosine 1-phosphate receptor 1 (S1PR1), STAT3, and p-STAT3 in colonic tissue extracts. ^∗^*P* \< 0.05, ^†^*P* \< 0.01 compared with the control group; ^‡^*P* \< 0.05 compared with the DSS group.

Discussion
==========

The results of this study demonstrated that mice treated with DSS exhibited weight loss, colon shortening, and colon tissue damage accompanied by extensive inflammatory cell infiltration. However, these effects were significantly reduced by treatment with baicalein in a dose-dependent manner. Importantly, the DSS-induced increase in serum IL-6 and IL-1β and colonic IL-6, IL-1β, and TNF-α were reduced by baicalein treatment, as was the expression of the Th17 cell transcription factor RORγt in the colon.

Studies to date have shown that baicalein exhibits potent anti-inflammatory activity with little to no toxicity in animals and humans.^\[[@R26]\]^ Kim *et al*^\[[@R27]\]^ demonstrated that baicalein inhibits the production of various cytokines, chemokines, and growth factors by the RAW264.7 macrophage cell line. In a mouse model, baicalein reduced acute pancreatitis-associated inflammation by inhibiting the NF-κB, MAPK, and STAT3 signaling pathways.^\[[@R18]\]^ Although baicalein has been reported to have anti-colitic activity,^\[[@R5],[@R19]\]^ the precise anti-inflammatory mechanisms were not clear. Here, we employed the well-characterized DSS model with 5ASA, which has established efficacy in preventing colitis in animal models,^\[[@R28]\]^ as a positive control to compare with the effects of baicalein.

NOD2 plays an important role in inflammation and associated carcinogenesis.^\[[@R23],[@R24],[@R29]\]^ After binding of muramyl dipeptide, a molecule produced by all bacteria, NOD2 promotes the production of proinflammatory factors, such as cytokines and chemokines, by increasing expression of MAPK and NF-κB.^\[[@R30]\]^ In the present study, we found that NOD2 was expressed at higher levels in the model control group (no DSS) than the DSS/water group, indicating that DSS suppresses NOD2 expression. However, baicalein further inhibited NOD2 expression, consistent with the inhibition of colitis symptoms.

S1P is known to play an important role in inflammatory diseases, especially IBD.^\[[@R7]\]^ SPHK1 and SPHK2 are expressed at low levels in healthy colon tissues, but SPHK1 is up-regulated and activated during inflammation.^\[[@R31]\]^ Expression of SPHK1 in the colonic epithelium is required for autocrine induction of cyclo-oxygenase 2 during DSS-induced colitis, and SPHK1 is also over-expressed in colitis-related cancers.^\[[@R32]\]^ STAT3 has important functions in the induction and progression of IBD. Lovato *et al*^\[[@R33]\]^ found that STAT3 is constitutively activated in intestinal T cells isolated from patients with Crohn\'s disease, but not from healthy volunteers. It has been demonstrated that p-STAT3 expression is restricted to areas of active inflammation in the gastrointestinal tract in patients with Crohn\'s disease and ulcerative colitis.^\[[@R34],[@R35]\]^ STAT3 mediates the transcription of numerous genes involved in colitis and inflammation-related cancers.^\[[@R36]\]^ S1P mediates the activation of STAT3, which is crucial to the development of IBD-associated colorectal cancer.^\[[@R37]\]^ Conversely, STAT3 can regulate the concentration of S1P levels to some extent.^\[[@R16],[@R36],[@R37]\]^ These observations point to a reciprocal stimulatory relationship between S1P and STAT3 in promoting carcinogenesis.^\[[@R36]\]^ In the present study, we showed that baicalein significantly inhibited the DSS-induced increase in SPHK1 and p-STAT3 expression in the colon, providing a potential mechanism for the protective effect of baicalein in DSS-induced colitis. Although we found that baicalein also reduced RORγt expression in the colon, we did not investigate the presence of Th17 cells. Such analyses are planned for future studies. We also plan to further explore the anti-inflammatory mechanism of baicalein using RNA interference-mediated inhibition of S1PR1 and STAT3 expression.

IBD pathogenesis is caused by an imbalance between microflora and intestinal mucosal integrity and barrier function. Patients with this disease not only suffer seriously reduced quality of life but also have a greatly increased risk of developing colorectal cancer.^\[[@R31],[@R38]\]^ Standard IBD treatments, including steroids, other immunosuppressants, aminosalicylate, and antibiotics, are not always effective, and many refractory cases require surgery, albeit often with unsatisfactory efficacy and safety outcomes. In this study, we found that baicalein improved DSS-induced weight loss, colonic congestion and edema, splenomegaly, diarrhea, rectal bleeding, and the accompanying colonic and systemic inflammation, suggesting that this flavonoid might be beneficial for the treatment of colitis in humans. However, further studies will be necessary to evaluate the safety of baicalein in clinical applications and to optimize its beneficial effects in patients.
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